The purpose of these studies was to analyze the conse q uences of long-term collagen gel contraction on fibroblast growth and metabolic activity. After 4 weeks, floating gels were 98o/o contracted, and attached gels were 94% contracted. During this culture period, fibroblasts in floating gels regressed sig nificantly compared to fibroblasts in attached gels, although the cells remaining in the floating gels were viable. In at tached gels, fibroblasts were bipolar; whereas in floating gels, fibroblasts were stellate. Therefore, differences between sur vival of fi broblasts in attached and floating collagen gels might depend on cell shape. Similarly, extracellular matrix: organ.i.z.ation and its influence on cell shape might control D uring connective tissue repair, fibroblasts exhibit several different activities. At first, they migr ate from adjacent tissues into the wound region. tn the wound region, they proliferate and synthesize a col lagen-rich extracellular matrix chat fills che wound defect. The fibroblasts also contribute to the remodeling of newly synthesized extracellular matrix. Finally, the expanded fibroblasf population regresses [ 1 ,2]. Depending on the siu and location of the wound, contracrion of granulacion tissue pla y s a role in wound healing (1 ,2]. A subpopu.lation of wound fibroblasts called myofi broblasts may participate in the wound contraction phenomenon (3,4J.
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To learn more about the regulation of fibroblast function during wound repair, we focused our studies on fibroblasts cultured in collagen gels ISJ. Th.is model is of particular interest because the cells rapidly reorganize and contract the collagen gels [6] [7] [8] , analo gous to wound contraction in vivo [9,10J. Reorganization of coUa gen gels by fibroblasts requires cell motile forces [11] propagated throughout the interconnected collagen £bril network. Disruption of the interconnected network inhibits contraction (12] . During the initial phase of contraction, cells mechanically bold the reorganized collagen fibrils in place. Later, intertibrilJar collagen bonds stabilize the reorganized collagen £brils without cells [13] .
Substamial dilferences in collagen gel contraction by .fibroblasts occur, depending on geometrical constraints. Contraction of gels M3lluscript received Janu:u-y 18, 1989; accepred for publication July 7, 1989 . attached to underlying culture dishes results in decreased gel thick ness without a change in gel diameter (7, 14] . Contraction of float ing gels results in decreased gel thickness and diameter [6] . During contraction, collagen fibrils in attached collagen gels become aligned in the plane of cell spreading, and fibroblasts spread with a bipolar morphology. In floating collagen gels, on the other hand, collagen fibrils remain unorganized, and fibroblasts spread wirb a stellate morphology [ 15) . DNA synthesis by cells in floating gels decreases significantly after gel contraction [16, 17) , unlike DNA synthesis in contracted, attached collagen gels [15] . Therefore, in collagen gels contracted for short periods (1-4 d), extracellular matrix organization and cell shape regulate fibroblast growth rather than gel contraction per se. As described above, expression of different fibroblast functions during wound re.-pair usually occurs during a period of weeks rather rhan days [1, 2] . Therefore, we investigated rhe long-term, in vitro consequences of collagen gel contraction by fibroblasts. We found rhac during 4 weeks in contracted, floating coJia.gen gels, che fibro blast population regressed 90%. In parallel experiments, the fibro blast population in contracted, attached collagen gels expanded. Several activities not usually observed in short-term cultures, such as collagenase activity and procollagen processing, were evident dur ing the long-term cultures. Details of these observations follow.
MATERIALS AND METHODS
Cell Cu.lture in Hydrated Col.lagen Gels Human skin fibro blast monolayer cultures were established from foreskins obtained at circumcisions and maintained and harvested as before {20]. Prepara tion of hydrated collagen gels from Virrogen "100" collagen (Col lagen Corp, Palo Alto, CA) has been described previously lt2,t3]. Fibroblasts were added to the neutralized collagen solutions (1.5 mg/ml) at a concentration of 105 cells/0.2 ml. Aliquots (0.2 ml) of the cell/collagen mixtures were warmed to room temperature and placed in Costar 24-well culture plates, Each aliquot occupied an area outlined by a 12-mm-diameter circular score within a. well. Gels were polymerized by raising the temperature to 37"C. The sam p les were incubated for 60 min, after which 1.0 ml of cuhure medium [Dulbecco's modified Eagle's medium suplemented with 10o/o fetal bovine serum {FBS) and 50 .ug/ml ascorbic acid] was added to each well. After polymerization, the fibroblasts were dis persed throughout the gels. To obtain cultures of floating collagen gels, the attached gels were gently lifted off the bottom of the wells with a spatula.
Measurement of Gel Contraction Gel contraction was deter mined by measuring gel volume [15, 17) . We added l ,uCi of 3H-H20 (1 mCijg, New England Nuclear) to the culture medium.
After 1 h, the medium was removed, and the gels were rinsed quickly and dissolved in 0.5 ml of 1M NaOH. The samples were neutralized with HCl, mixed with 10 ml Budget Solve (RPI Corp.), and counted in a Beckman Scintillation spectrometer. Initial gel volume was determined in gels without fibroblasts.
�icroscopy Microscopic analysis was done as described pre VIOusly [8] . Samples . For att � ched g els, multiple thick sections from central and rnar gmal reg1ons of the gels were prepared and examined. No differ ences in cell morphology were evident in the different regions. For floating gels, rhick sections contained both the margins and centraJ region of the gels. The thick sections photographed were selected based on their rypicaJ appearance, and thin sections were prepared from the same block faces.
Cell Recovery Collagen gels were solubilized by incubation for 140 min at 37"C with 0.2 ml of 150 mM NaCI .
, 10 mM Ca acetate, and 20 mM Hepes (ph 7.2), containing 2 mg/ml collagenase {Type I. Sigma Chern Co). Subsequently, 0.1 ml of 0.25% trypsin {GlBCO) and 0.02 ml 0.3M EDTA were added to the samples and incubated for an additionaJ 20 min at 37". This combination of treatments dissolved the gels and dissociated any cell clumps. Ali quots of the samples were mixed with trypan blue, and cell number was measured with a hemocytometer.
Collagen Synthesis Collage.n synthesis was measured by the pro tease-free collagenase method [ 18] . Cultures were radio labeled metabolically for 24 h with 10 .uCifml 3H-L-proline {126.9 Ci/ mmole, New England Nuclear) added in fresh culture medium. At the end of the incubations, the medium was removed. The gels were dissolved by incubating them for 90 min at 37"C with 0.4 m1 of 10 mM HCI, and then che solubilized gels were neutralized with NaOH. One-half of each medium and solubilized gel sample was brought to 1 ml containing 30 rnM Tris, 6 rnM Ca acetate, pH 7.2, and treated with collagenase (5 BTC units/rnl, Form Ill, Advanced Biofactures Corp) for 3 hat 37•c. Bovine serum albumin (0.5 mg/ mJ) was added to colJagenase-rreated and untreated samples to act as carrier protein, after which aJI the samples were subjected to three preci p itations with 10% TCA at 4•c. The finaJ precipitates were dissolved with Protosol, and radioactivity was measured as above.
Cultures to be analyzed by SDS-PAGE were radiolabeled meta bolically for 4 d with 30 ,uCifmi35S-metbionine (1072 Cifmmole, New England Nuclear) added in methionine-deficient culture me dium. At the end of the incubations, the medium was removed, and the gels were solubilized as above. Medium and gel samples were treated with or without collagenase Form m and TCA precipitated as above.
Collagen Degradation Radiolabeled colb.gen was prepared by acetylation with 3H-acetic anhydride {2.5 mCi, 50 mCi/mmole, New England Nuclear Corp), as described [19) . The specific radio- actJVIty of the radiolabeled collagen preparation was 1.5 X 1()6 cpm/mg. Gels containing radiolabeled collagen and fibroblasts were polymerized as described above for non-radiolabeled collagen . At the rimes when collagen degradation was measured, the culture medium was removed from the incubations. The gels were rinsed briefly and dissolved with IM NaOH, neutralized with 1M HCI, and radioactivity was counted with a scintillation spectrophotome ter as above.
Electrophoresis and Fluorograpby Samples for SDS-PAGE
were dissolved in reducing sample buffer (62.5 rnM Tris, 2% SDS, 10% glycerol. 0.01 o/o bromophenol blue, So/o mercaptocthanol, pH 6.8). Electrophoresis was performed using 4%-16% acrylamide gradient slab gels containing a gradient of 3-8M urea [20] . Acryi Aide (FMC Corp) was used as the crosslinker, and gels were sup ported on GeiBond-PAG film (FMC Corp). After electrophoresis, gels were fixed and stained with Coomassie blue. Gels were im pregnated for 1.5 hat 22"C with En3Hance {New England Nuclear Corp) containing 2o/o glycerol. Gel films were dried in a 60"C oven and exposed to Kodak XAR-5 film on a Cronex intensifying screen (E.I. Dupont De Nemours & Co.). 
RESULTS

Contraction of Collagen Gels During 4 weeks of Culture
After 2 d of culture, floating collagen gels containing libroblascs contracted to a slightly greater extent than attached collagen gels (-90% vs 80%) (Fig 1 ) . After 4 weeks, the ex rene of conrracrion of rbe floating gel5 and attached gels was 98% and 94%, rcspecrively. Therefore, the volume of attached gels was about 3 times greater rhan rhe volume of floating gels. Non-specific contraction, i.e., decrease in gel volume without cells, was -10% after 2 weeks and -20% after 4 weeks. Collagen gel concracrion could have occurred in p art because of collagen degradation. There was only a slight loss of coHagen from the gels during the initiall-2 d of culture (Fig 2) . After 1 week of culrure, however, collagen degradation became quite noticeable. By the end of 4 weeks, -80% of the starting collagen was degraded in rhe attached gels and -70% in the floating gels (Fig 2) . Considering the differences in gel volume (Fig 1) and collagen degradation (Fig   2) , ir could be calculated thar after 4 weeks the collagen density ( 1.5 mg/ml in the original gels) was about 20 mg/mJ in the float ing gels and 4.5 mg/ml in the attached gels. These values ignore new collagen synthesis. By way of comparison, the collagen con centration in skin exceeds 50 mg/ml. Some collagen loss from the gels also occurred without added fibroblasts (-30% during rhc first 2 weeks of culture). This non specific loss did nor increase further during the fuse 2 weeks of culture. Therefore, a subfracrion of the collagen apparently incor porated into the gels in an unstable manner. The non-specific de crease in gel volume (Fig 1) could be accounted for by the non-spe cific loss of collagen from the gels {Fig 2). Based on cell recovery (sec Fig 5 below) , collagen loss normalized on a per cell basis was much higher in floating gels than in attached gels. Morphologic Features of Collagen Gels contracted for up to 4 Weeks Fibroblasts in attached collagen gels after 24 h of con traction were bipolar cells, elongated parallel to the culture dish surface (Fig 3A) . In contracted, floating gels, fibroblasts had a stel late appearance and random arrangement (Fig 3B) f 15) . The bipolar morphology of fibroblasts in attached collagen gels was similar after 2 weeb (Figs 3C and 4A) and 4 weeks ( Figs 3£ and 4C ) of culture. During chis rime, the cells became more closely packed together. In Aoaring collagen gels. disrriburion of fibroblasts was unchanged after 2 (Figs 3D and 4B) and 4 weeks ( Figs 3F and 4D ) of culntre. Cell morphology remained stellate, bur the cell pseudopodia be came more prominent relative co che cell bodies.
In attached collagen gels. the extracellular matrix developed an uneven distribution during long-tem1 culture (Fig 3£) . Also, a sig nificant decrease in collagen fibrils visible by electron microscopy occurred between 2 and 4 weeks (compare Fig 4C and A) . In the floating collagen gels, the densiry of extracellular matrix and distri bution of collagen fibrils did not change noticeably between 2 (Figs 3D and 48) and 4 weeks (Figs 3F and 4D ).
Cell Recovery fr om Contracted Collagen Gels Although floating collagen gels contracted more than anached collagen gels, the density of fibroblasts in attached gels appeared greater than in floating gels (Fig 3) . This observation was quantifi ed by dissolving the gels and counting the cells rhar could be recovered. In the experiment described in Fig 5 , attached gels were contracted by fibroblasts for 1 d and subsequently cultured either attached ro dishes or floating in medium. Between 2 and 14 d, cells in attached gels underwent at least two doublings to -4.8 X 105/gel. During rhe same period, cells in floating gels decreased by > SOo/o co -0.35 X 105 /gel. Alrhough there was no further increase in cell number in anached gels between 2 and 4 week5, the cells in floating gels decreased by another 50% during that period.
To learn if the fibroblasts in collagen gels cultured for 4 weeks were viable. cells harvested from rbe gels were re-placed in tissue culture dishes. Most of the cells from attached gels were viable and started to divide after a 1-d lag period (Fig 6) . Only about one-half the cells from the floating gels were viable. These cells started ro divide after 1 d at the same rare as the cells harvested from attached gels. Figure 7 shows the rare of collagen synthesis, measured by incorporation of radiolabeled proline into collagenase-sensitive extracellular matrix and medium protein,s, at several times during the 4-week culture period. Consistent with the cell recovery dara, there was a signifi- cam increase in collagen synthesis in a.tuched gels and a decrease in collagen synthesis in floating gels. Normalized by cell number, collagen synthesis in 4-week attached gels was twice as high as collagen synthesis in 4-week floating gels. SDS-PAGE profiles of collagens and ocher proteins synthesized b)' fibroblasts differed for 5-d and 4-week atuched gel cultures. We focused our attention on attached gels beelluse cell recovery from the floating gel cultures was so low. Fibroblasts in the attached gels were radiolabc:led with 35$-merhionine. Medium and gel samples from 5-d cultures (Fig 8, lanes 1 and 3, respectively) contained 10-20 radio labeled polypeptides, most of which were insensitive to collagenase (Fig 8, lanes 2 and 4) . Two major collagenase-sensitive components around 180 and 150 kDa and a collagenase-insensitive component at 220 kDa were identified previously as proco!lagens al (I) and a2(1) and fibronecrin [21 ,22] . These rlu:ee components were the major polypeptides found in medium from fibroblast monolayer cultures radio labeled with proline. After overnight pep sin treatment in the cold, the 180-and 1 50-kDa components shifted to molecular masses 145 and 122 kDa {al (I) and a2(1) collagen chains], and rhe 220-kDa component disappeared (data not shown). In contrast to the 5-d samples, cellular processing of procollagen to collagen a chains occurred in gels contracted for 4 weeks (Fig 8 , barely visible in medium from 5-d cultures (Lanes 1 and 2, asterisk) but were major constituents in 4-week cultures. Also srriking was the greater accumulation ofFN in the medium samples compaxcd to the gel samples. Apparently, most of the FN synthesized within contracted gels did nor incorporate into the extracellular matrix.
Collagen Synthesis in Contracted Collagen Gels
DISCUSSION
The purpose of these studies was to analyze the consequences of long-term collagen gel contraction on fibroblast growth and meta bolic activity. Fibroblasts in attached gels and in floating gels dif fered significantly in their responses to long-term contraction as summarized in Table I . After 4 weeks, floating gels were 98% contracted and attached gels were 94% contracted. During this cuJture period, fibroblasts in floating gels regressed -fivefold, while fibroblasts in attached gels increased -fivefold. The cells remaining in the floating gels were viable, however. When re turned to routine culture conditions, they divided at the same rate as cells removed from attached collagen gels.
Previous studies showed that DNA synthesis by fibroblasts in floating collagen gels decreased after gel contraction [16, 17] , but a similar decrease did nor occur after contraction of attached collagen gels [15] . Therefore, gel contraction per se and the increased density of the marrix did nor cause cessation of DNA synthesis. After short term contraction of artached gels (1 -4 d), fibroblasts were bipolar. On the other hand, after contraction of floating gels, fibroblasts were stellate [ 15] . The difference in cell shape can be understood in terms of asymmetry and the development of tension in the gels. ln the case of attached collagen gels, the contractile force exerted by fibroblasts is distributed asymmetrically. Tension develops as indi cated by the alignment of collagen fibrils parallel to the culture dish surface. The fibroblasts spread along the collagen fibrils and have a bipolar morphology. In the case of floating collagen gels, the con tractile force exerted by fibroblasts is distributed symmetrically. The matrix remains relaxed as indicated by the nonorganized ar rangement of collagen fibrils. The fibroblaSts spread by exteru.ion of pseudopodia without adopting a particular polarity. In the present work, we observed a similar morphologic difference during the 4-week culture p eriod ; that is, bipolar cells in attached gels and stellate cells in fl oating gels. Therefore, growth of fibroblasts in attached collagen gels and regression of fibroblasts in floating colla gen gels mjghr depend on cell shape. Growth of normal fibroblasts on planar surfaces [23] and growth of normal endothelial cells on extracellular matrix-coated surfaces f24j requires cell spreading, although the mechanism by which cell spreading controls DNA synthesis is poorly understood. One � Ct of control might be ar the level of cellular oncogene expression [25 ] . Significantly, addition of platelet derived growth factor, fibroblast growth factor. or transforming growth factor-P did nor restore nor mal levels of DNA synthesis to fibroblasts in floating collagen gels that had been contracted for 2 d [15] . The foregoing results suggest the novel idea that the regulation of fibroblast proliferation in granulation tissue by growth factors might depend on extracellular matrix organization and irs influence on ce ll sh:tpc. In tht" early phases of wound healing, during gr:mula- An unexpected feature of long-term cell cultures was the loss of starring collagen from both the attached gels and floating gels (70%-80%) during the 4-week culture period. Because the loss is cell dependent, it is likely ro have occurred because of collagenase acriviry. Expression of collagenase activity in monolayer cell culture does nor occur without modifying the cells or adding procollagen a � c .
activators [28, 29] . Even in organ cultures, little collagenase ac tiVIty was detectable in serum-containing medium [29] . The colla genase lev .
el normalized to cell number was much higher in floating gels than 10 arrached gels, consistent wirh the increased exprcssjon of procollagcnase message by fibroblasts in floating gels [30] . We have nor attempted to isolate collagenase from rhc long-term cul tures, and rhc enzyme might be bound to matrix rather than released in �oluble form.
Another change in the long-term cultures was collagen process ing. After 5 d, fibroblasts in attached collagen gels secreted pro collagen into the medium. After 4 weeks, fibroblasts in attached collagen gels incorporated collagen a(I) chains into the matrix. Probably, collagen processing enzymes accumulated in the gels dur ing this culture period [31 ,32] . That secreted proteins could diffu se our of the gels was shown by release of most fibroncctin into the medium, both in 5-d cultures and in 4-week cultures. In fact, almost no fibronectin accumulated in the extracellular matrix of 4-wcek cultures. Perhaps there arc a limited number of fibronectin binding sites on the collagen matrix, which were saturated early in the cuI ture period.
. There also .
were a variety of other differences between the pro reins synrhes1zed by fibroblasts after short�rerm and long-term cul ture in .
contracted . Whether cells from 4-week cultures can revert to the earlier phenotype after release from rhc gels is an important question about rhc control of fibroblast differentiation by the extracellular matrix and one that we now arc investigating. Finally, it is important to note that all of the studies in this report werr done with neonatal foreskin fibroblasts. Possibly, fibroblasts from adults or from other anaromical locacions would behave dif ferently in collagen gels. 
